Over the last forty years, the 12 C + 12 C fusion reaction has been the subject of considerable experimental efforts to constrain uncertainties at temperatures relevant for stellar nucleosynthesis. Recent studies have indicated that the reaction rate may be higher than that currently used in stellar models. In order to investigate the effect of an enhanced carbon burning rate on massive star structure and nucleosynthesis, new stellar evolution models and their yields are presented exploring the impact of three different 12 C + 12 C reaction rates. Non-rotating stellar models considering five different initial masses, 15, 20, 25, 32 and 60M , at solar metallicity, were generated using the Geneva Stellar Evolution Code (GENEC) and were later post-processed with the NuGrid Multi-zone Post-Processing Network tool (MPPNP). A dynamic nuclear reaction network of ∼ 1100 isotopes was used to track the s-process nucleosynthesis. An enhanced 12 C + 12 C reaction rate causes core carbon burning to be ignited more promptly and at lower temperature. This reduces the neutrino losses, which increases the core carbon burning lifetime. An increased carbon burning rate also increases the upper initial mass limit for which a star exhibits a convective carbon core (rather than a radiative one). Carbon shell burning is also affected, with fewer convective-shell episodes and convection zones that tend to be larger in mass. Consequently, the chance of an overlap between the ashes of carbon core burning and the following carbon shell convection zones is increased, which can cause a portion of the ashes of carbon core burning to be included in the carbon shell. Therefore, during the supernova explosion, the ejecta will be enriched by s-process nuclides synthesized from the carbon core s process. The yields were used to estimate the weak s-process component in order to compare with the solar system abundance distribution. The enhanced rate models were found to produce a significant proportion of Kr, Sr, Y, Zr, Mo, Ru, Pd and Cd in the weak component, which is primarily the signature of the carbon-core s process. Consequently, it is shown that the production of isotopes in the Kr-Sr region can be used to constrain the 12 C + 12 C rate using the current branching ratio for α-and p-exit channels.
INTRODUCTION
Despite the limitations of 1D stellar models, their capability to reproduce several observables makes them a fundamental tool to understand stellar nucleosynthesis sites in the galaxy. Calculated stellar abundances can be compared with observed abundances from meteoritic data or stellar spectra. In massive stars (M > 8M ) the presence of advanced burning stages during their evolution and their final fate as a supernova explosion provides a useful test-bed for many sensitivity studies, which are important to constrain uncertainties in input physics. In particular, nuclear reaction rates are often found to be sources of uncertainty as the task of experimentally determining precise cross sections at astrophysically relevant energies is often difficult. The 12 C + 12 C reaction is a good example where, despite over four decades of research, the reaction rate still carries substantial uncertainties because of the nuclear structure and reaction dynamics governing the low energy cross section of the fusion process (Strieder 2010 ). The extrapolation of the laboratory data into the stellar energy range -Gamow peak energies (E0 1.5 MeV, or T 0.5 GK) -depends critically on a reliable theoretical treatment of the reaction mechanism. Present model extrapolations differ by orders of magnitude; this affects directly the reaction rate with significant impact on a number of stellar burning scenarios ).
The 12 C + 12 C reaction cross section is characterized complex resonance structure associated either with scattering states in the nucleon-nucleon potential or with quasimolecular states of the compound nucleus 24 Mg (Imanishi 1968) , which at low energies can be described by a resonantpart superimposed on a non-resonant part, where the latter is also rather uncertain (Yakovlev et al. 2010) . A theory that predicts the location and strength of the resonant-part has not yet been proposed (Strieder 2008 ), but resonance characteristics can be determined either by coupled-channel calculations or optical model potentials based on, for example, α-particle condensates or cluster structures (Xu et al. 2010; Betts & Wuosmaa 1997, and references therein) . Resonances have consequently been predicted by both approaches at energies ∼ 2 MeV (Michaud & Vogt 1972; Perez-Torres et al. 2006) and it was shown that the experimentally observed data could be reasonably well reproduced in the framework of these models (Kondo, Matsuse, & Abe 1978 ). Yet, none of these models provides the quantitative accuracy in resonance parameter predictions, required for a reliable extrapolation of the data into the stellar energy range. Complementary to the classical potential model approach, dynamic reaction theories are being developed. They have been tested successfully for fusion of spherical nuclei like 16 O + 16 O (Diaz-Torres et al. 2007 ), but the theoretical treatment of fusion reactions of two deformed 12 C nuclei requires a non-axial symmetric formalism for a fully reliable treatment (Diaz-Torres 2008) .
Taking a phenomenological approach a resonance with strength (ωγ) 3.4 × 10 −7 eV has been invoked to correct the ignition depth of neutron star superbursts (Cooper et al. 2009 ), which are believed to be caused by ignition of carbonburning reactions, triggering a thermonuclear runaway in the crust of a neutron star. Type Ia supernovae should also exhibit changes to the ignition characteristics, but these conditions (other than central density) are less sensitive to an enhancement in the carbon burning rate (Cooper et al. 2009; Iapichino & Lesaffre 2010) . The possible existence of such a resonance, associated with a pronounced 12 C + 12 C cluster structure of the compound nucleus 24 Mg, represents a source of uncertainty.
Alternatively, the reaction rate may not be dominated by resonances at lower energies because of predictions that the cross section drops much steeper than usually anticipated due to a fusion hindrance reported in heavy-ion reactions (see for example, Jiang et al. 2004 Jiang et al. , 2007 . The consequences of the hindrance phenomenon for the 12 C+ 12 C reaction in astrophysical scenarios was examined by Gasques et al. (2007) , where it was demonstrated that hindrance is much more significant in the pycnonuclear regime than the thermonuclear regime, but does exhibit a noticeable effect on the yields of massive stars. The reduced rate, by approximately a factor of 10-100 at carbon burning temperatures (see their Fig. 1 ), increases the temperature with which carbon burning occurs and therefore affects the nucleosynthesis. Changes in the yields were generally rather small, but some specific isotopes, such as Sr, exhibited larger changes most likely due to the increased neutron density exhibited by the burning of neutron sources at higher temperatures.
The wide range of presently discussed model predictions requires new experimental effort to reduce the uncertainty range. However, the measurements towards low energies are extremely difficult, because the low cross section (σ 1 nbarn) limits the experimental yield to an event rate below the natural and beam induced background events in the detectors. Particle measurements are difficult because of the limited energy resolution of the particle detectors which makes a separation of the particle groups extremely difficult at the low count rate conditions. Beam induced background from reactions on target impurities is therefore difficult to distinguish from the actual reaction products (Zickefoose et al. 2010 ). The measurement of secondary gamma radiation associated with the particle decay is also handicapped by natural and cosmic ray induced background radiation (Strieder 2010) . While recent experiments suggest an increase in the low energy S-factor indicating the possibility of narrow resonances at lower energies (Barrón-Palos et al. 2006; Aguilera et al. 2006; Spillane et al. 2007) , the confirmation of the results and the experimental pursuit towards lower energies is stalled due to the present inability to differentiate the reaction data from the different background components (Zickefoose et al. 2010) . Improved experimental conditions requires the preparation of ultra-pure target materials for experiments in an cosmic ray shielded underground environment (Strieder 2010 During carbon-burning, the α-and p-channels dominate with the n-channel making up less than 1 per cent of all 12 C + 12 C reactions (Dayras et al. 1977 (Arnett & Thielemann 1985) . Carbon-core burning, which is convective for stars with initial mass M 20M and radiative for M 20M (see for example Hirschi et al. 2005) , is followed by convective carbon-shell burning episodes at temperatures ∼ 0.8 − 1.4 GK. The number of episodes and the spatial extent of each shell differs between massive stars of different initial mass as the development of the carbon shells is sensitive to the spatial 12 C profile at the end of helium-core burning; the formation of a convective carbon-shell often lies at the same spatial coordinate as the top of the previous convective shell (Arnett 1972; El Eid et al. 2004 ). The presence of a convective carbon core depends on the CO core mass as both the neutrino losses and energy generation rate depend on the density, which decreases with increasing CO core mass (Arnett 1972; Woosley & Weaver 1986; Limongi et al. 2000) . Consequently, mechanisms that affect the CO core mass or the carbon burning energy budget, such as rotation (Hirschi et al. 2004 ) and the 12 C abundance following helium burning (Imbriani et al. 2001; El Eid et al. 2009 ), will affect the limiting mass for the presence of a convective core.
Massive stars are a site for the s process, which starts during helium-core burning and also occurs during the following carbon burning stages. S-process nucleosynthesis also occurs in the helium-shell via the 22 Ne neutron source, but this process is marginal compared to the s process operating in the helium-core or the carbon shells (see for example The et al. 2007 ). Beyond carbon burning, the temperature becomes high enough in the interior (∼ 2 GK) for photodisintegration reactions to destroy heavy nuclides. Because the s process can probably occur during both central and shell carbon-burning, one can expect that changes in the 12 C + 12 C rate affect the stellar structure and nucleosynthesis and therefore also the s process.
The 22 Ne neutron source, which is formed during helium burning via the
Ne reaction chain is the main neutron source (Peters 1968; Couch et al. 1974; Lamb et al. 1977) . As the temperature approaches 0.25 GK near the end of helium-burning, 22 Ne(α, n)
25 Mg reactions become efficient (Busso & Gallino 1985; . During this phase a 25M star, for example, has a neutron density nn ∼ 10 6 cm −3 and a neutron exposure τn ∼ 0.2 mb −1 (see for instance Pignatari et al. 2010 , and references therein). The 22 Ne source becomes efficient in a convective environment and heavy elements formed through neutron captures are mixed out from the centre of the star. Some of these abundances will be modified by further explosive nucleosynthesis later in the evolution, but will otherwise survive long enough to be present in the supernova ejecta and contribute to the total yields of the star. Consequently, 22 Ne in massive stars is the dominant neutron source responsible for the classical weak-sprocess component Prantzos et al. 1987; Käppeler et al. 1989; .
Any remaining 22 Ne present at the end of helium-core burning is later reignited during carbon-shell burning resulting in an s-process with a higher neutron density and a lower neutron exposure (nn ∼ 10 11−12 cm −3 and τn ∼ 0.06 mb −1 ; ). The increased neutron density is responsible for changing the branching ratios of unstable isotopes, which is particularly important for branching isotopes, such as 69 Zn, 79 Se and 85 Kr, since they inhabit positions in the isotope chart of nuclides where different s-process paths across the valley of stability are available (Käppeler et al. 1989 ). The increase in neutron density is responsible for opening the s-process path so that the carbonshell burning contribution to specific isotopes, such as 70 Zn, 86 Kr and 80 Se, may be relevant (see for example The et al. 2007) .
Another potential neutron source is 13 C, which is formed through the 12 C(p,γ) 13 N(β + ) 13 C reaction chain (Arnett & Truran 1969) . During carbon-core burning this neutron source, via the 13 C(α,n) 16 O reaction, becomes efficient which results in an s-process in the carbon-core with a typical neutron density nn = 10 7 cm −3 (Arnett & Thielemann 1985; Chieffi et al. 1998 ). The abundance of 13 C is dependent on the 13 N(γ,p) 12 C reaction, which dominates the depletion of 13 N at temperatures above 0.8 GK. The 22 Ne neutron source is the dominant neutron source when the temperature rises above such a temperature, although the 13 C neutron source may also provide an important contribution to the total neutron exposure (Clayton 1968; Arcoragi et al. 1991) . In any case, the carbon-core s process occurs primarily in radiative conditions with a relatively small neutron exposure and any heavy elements synthesised via the ensuing neutron-captures usually remain in the core (see however the discussion on overlapping convection zones in §4); photodisintegration and the supernova explosion process will ensure that these elements are not present in the final ejecta and do not contribute to the final yields of the star (see for example, Chieffi et al. 1998) .
A preliminary study (Bennett et al. 2010a) found that changes to the total 12 C + 12 C rates within a factor of 10 affect the convection zone structure and nucleosynthesis of a 25 M star at solar metallicity. The main conclusions were an increase in the carbon-burning shell contribution to the s-process abundances by two different scenarios. The first, applicable to the case where the rate was increased by a factor of 10, was due to the presence of large carbon-burning shells that 'overlapped'. In this situation, the second carbonburning shell was polluted with ashes from the first carbonburning shell, modifying the overall composition. The second scenario, applicable to the case where the rate was reduced by a factor of 10, was an increase in neutron density associated with the neutron source, 22 Ne, burning at a higher temperature in the convective shell. The overall increase in the abundances of most isotopes with 60 < A < 90 was approximately 0.1 to 0.4 dex. Strongly enhanced rates were also investigated (Bennett et al. 2010b) , which show that the presence of a larger convective core has a significant impact on the total yields, since the convective core adds an additional neutron exposure towards the total contribution of s-process yields; abundances of many heavy nuclides increased by up to ∼ 2 dex. However, no comparison could be made with observations as a 25 M stellar model (at solar metallicity) was the only one considered.
In this paper, a sensitivity study is made over a set of massive star models, at solar metallicity, to determine whether a comparison between the yields and the solar system abundances can constrain the 12 C + 12 C rate. §2 explains the models and the choice of input physics in the simulations. In §3, the changes in stellar structure are analysed.
§4 describes the nucleosynthesis, focusing on the s process during carbon-core and carbon-shell burning. §5 presents the yields. The discussion and conclusions can be found in §6 and §7 respectively.
COMPUTATIONAL APPROACH
2.1 The 12 C + 12 C reaction rates
We build on the previous work (Bennett et al. 2010b) where three carbon burning rates in a 25M star were considered. These are the Caughlan & Fowler (1988) 'standard' rate (ST) and two enhanced rates: an 'upper limit' rate (CU) and an intermediate rate (CI), the latter of which is a geometric mean of the ST and CU rates. The CU rate is the ST rate including a reasonance of strength (ωγ) = 6.8 × 10 −5 eV at a centre-of-mass energy Ecom = 1.5 MeV. This choice of resonance originates from a preliminary particle spectroscopy experiment on 12 C + 12 C obtained at the CIRCE radioactive beam facility in Caserta/Napoli, Italy (Terrasi et al. 2007) . Although the CI rate was determined via a geometric mean, a resonance that would replicate the peak at 1.5 MeV for this rate would have a magnitude of (ωγ) 3.4 × 10 −7
eV. The top panel of Fig. 1 shows the Maxwellian-averaged cross-sections of the reaction rates as a function of temperature. The bottom panel shows the reaction rates relative to the ST rate. As indicated by Fig. 1 , the peak of the CU and CI rates is at ∼ 0.5 GK and is a factor of approximately 50, 000 and 250 times the ST rate at that temperature respectively. The choice of branching ratio for the α-and pexit channels is 13:7, which is valid within the energy range 4.42 < Ecom < 6.48 MeV . It is assumed in this work that the branching ratio is preserved to lower centre of mass energies. For the n-exit channel, we use the branching ratio from Dayras et al. (1977) .
Stellar models
Non-rotating stellar models at solar metallicity (Z=0.02) were generated using the Geneva Stellar Evolution Code (GENEC), with a small nuclear reaction network that takes into account the reactions important for energy generation. Five masses were considered for each carbon-burning rate, which are 15, 20, 25, 32 and 60 M , for a total of 15 stellar models. These will be referred to as XXYY where XX is the initial mass of the star in solar masses and YY denotes the rate and is 'ST', 'CI' or 'CU' for the standard, intermediate and upper limit rates respectively. The reason for this choice of initial masses is to provide yields data over a range of masses with approximately even spacing in log-space.
GENEC is described in detail in Eggenberger et al. (2008) , but some important features are recalled here for convenience. The Schwarzschild criterion for convection is used and convective mixing is treated as a diffusive process from oxygen burning onwards. No overshooting is included except for hydrogen-and helium-burning cores, where an overshooting parameter of α = 0.2HP is used. Neutrino loss CU rate CI rate Figure 1 . Top panel: Maxwellian-averaged cross-sections for 12 C + 12 C rates used in (Bennett et al. 2010b ) and also in this study. The three rates are the Caughlan & Fowler (1988) rates are calculated using fitting formulae from Itoh et al. (1989) , which are the same as those of the more recent evaluation from Itoh et al. (1996) for pair and photoneutrino processes. The initial abundances used were those of Grevesse & Noels (1993) , which correspond directly to the OPAL opacity tables used (Rogers et al. 1996) . For lower temperatures, opacities from Ferguson et al. (2005) are used. Several mass loss rates are used depending on the effective temperature, T eff , and the evolutionary stage of the star. For main sequence massive stars, where log T eff > 3.9, mass loss rates are taken from Vink et al. (2001) . Otherwise the rates are taken from de Jager et al. (1988) . However, for lower temperatures (log T eff < 3.7), a scaling law of the forṁ
is used, whereṀ is the mass loss rate in solar masses per year, L is the total luminosity and L is the solar luminosity. For a recent discussion on mass loss rates in the redsupergiant phase, see Mauron & Josselin (2011) . During the Wolf-Rayet (WR) phase, mass loss rates by Nugis & Lamers (2000) are used.
In GENEC the reaction rates are chosen to be those of the NACRE compilation; Angulo et al. (1999) for the experimental rates and from their website 1 for theoretical rates. However, there are a few exceptions. The rate of Mukhamedzhanov et al. (2003) was used for 14 N(p, γ) 15 O below 0.1 GK and the lower limit NACRE rate was used for temperatures above 0.1 GK. This combined rate is very similar to the more recent LUNA rate (Imbriani et al. 2005 ) at relevant temperatures. The Fynbo (2005) rate was used for the 3α reaction and the Kunz et al. (2002) Descouvemont (1993) is applied.
The models were calculated for as far into the evolution as possible, which for most models is after or during the silicon-burning stage. The models that ceased before silicon burning were the 15CI, 15CU, 60CI and 60CU models, which proceeded to oxygen-shell burning, and the 20CI and 20CU models, which proceeded to just after the oxygen-shell burning stage. The s-process yields are not significantly affected by hydrostatic burning stages following oxygen burning because most of the isotopes produced via the s process will be destroyed by photodisintegration and the choice of remnant mass for the supernova explosion, which defines the boundary between matter that falls back onto the remnant and matter that forms supernova ejecta, reduces the impact of nucleosynthesis that neon, oxygen and silicon burning stages would have on the total yields (see also §5.1). However, it must be noted that there will be explosive burning processes during the supernova explosion and photodisintegration occurring at the bottom of the convective carbon, neon and oxygen shells during the advanced stages, which will affect the abundances (see for example Rauscher et al. 2002; Tur et al. 2009 ). In this work the contribution of explosive burning and photodisintegration to the total yields is not considered.
Since the 12 C + 12 C reactions do not become efficient until after helium-core burning, the CU and CI models for a particular choice of initial mass were started just before the end of helium-core burning using the ST model data as initial conditions, reducing some of the computational expense.
Post-processing
The NuGrid 2 Multi-Zone Post-Processing tool (the parallel variant; MPPNP) is described in Herwig et al. (2008) and Pignatari et al. (2011, in prep.) . See also appendix A for details of the parallel implementation. The system of equations for the rate of change of abundances of isotopes is solved using an implicit finite differencing method combined with 1 http://pntpm3.ulb.ac.be/Nacre/nacre.htm 2 http://forum.astro.keele.ac.uk:8080/nugrid the Newton-Raphson scheme, with the output temperature, density and the distribution of convection (and radiation) zones from GENEC as input. Additional features have been included to enhance the calculations or save on unnecessary computations. Sub-timesteps are inserted where appropriate to improve convergence in the case where the timescale of reactions is smaller than the stellar evolution timestep. Also, the nuclear network is dynamic, adding or removing isotopes from the network depending on the stellar conditions (up to the maximal network defined in Table 1 ). This is useful in reducing the number of computations associated with nuclear reactions where the change in abundance is zero or negligible. The same (adaptive) mesh used in GENEC was used for the post-processing calculations.
The nuclear networks used are shown in Fig. 2 . The isotopes used in each network are discriminated depending on whether they are involved in reactions important for energy generation (featured in both the stellar model and the postprocessing tool) or not (featured only in the post-processing tool). GENEC uses a skeleton network of 31 isotopes, which is the same network used in previous GENEC models (see for example Hirschi et al. 2004 Hirschi et al. , 2005 . This network is a combination of fundamental isotopes relevant for pp-chain reactions, the CNO tricycle and helium burning and a network similar to the α7 network of Hix et al. (1998) , enacted during the advanced burning stages, which reduces the computational expense associated with a larger network without causing significant errors in energy generation rates. The isotopes included in the network for MPPNP are specified in Table 1 and are shown in Fig. 2 The reaction rates in MPPNP were set to those used in the skeleton network of GENEC, as specified in §2.2, for the same reactions. Additional reactions are taken from the default setup of MPPNP and are specified as follows: charged particle reactions are from Angulo et al. (1999) and Iliadis et al. (2001) . β-decays and electron captures are from Oda et al. (1994 ), Fuller et al. (1985 and Aikawa et al. (2005) . Neutron captures are from the Karlsruhe astrophysical database of nucleosynthesis in stars (KADoNiS) (Dillmann et al. 2006 ). For reactions not found in these references, reaction rates from the Reaclib database 3 were used, which incorporates a compilation of experimental rates and theoretical rates from NON-SMOKER (Rauscher & Thielemann 2000 .
STELLAR STRUCTURE AND EVOLUTION

Hydrogen and helium burning
The evolution of each stellar model during hydrogen-and helium-burning is given entirely by the ST models, as the CI and CU models were started using the profile just before the end of helium burning. Figure 3 shows the HertzsprungRussell (HR) diagram for all models, which shows that the evolutionary tracks for all models follow their course in the (2, 8, 20, 28, 50, 82, 126) .
HR diagram primarily during the hydrogen-and heliumburning phases and are not modified by enhanced rates. The reason for this is that the surface evolution of the stellar models is unaffected by changes in the carbon-burning rate, which is a consequence of the small timescale for burning associated with advanced burning stages in massive stars; the envelope has insufficient time to react significantly to changes in core properties. Overall, the ST models are very similar to those previously published by the Geneva group, such as the nonrotating stars of Meynet & Maeder (2003) and Hirschi et al. (2004) . The 15, 20 and 25 M model stars evolve towards the red and remain as red supergiants (RSGs) during the advanced stages of evolution. The 32 and 60 M model stars evolve towards the Humphreys-Davidson limit at log T eff ∼ 3.8 before becoming WR stars
The 32 M proceeds to the WR phase during heliumburning. This is because the mass loss is strong enough for the star to expel the entire hydrogen envelope during heliumburning, with the composition of the remaining envelope rich in helium. The lower opacity of the helium-rich envelope lowers the radius and favours evolution towards the blue (Maeder 2009, §27.3 .2). The deviations from the ST track for the CI or CU tracks for this mass are slightly larger than for other masses. These deviations are generally of the order of 0.1 per cent with a maximum deviation of 0.01 in log T eff ( 2 per cent), which occurs during the rapid transit to the blue after helium burning.
The 60 M star becomes a WR star just after hydrogen-burning. At the end of the hydrogen-burning phase, the star enters the first 'loop' towards the blue (at log T eff 4.4), which occurs because of mass loss being high enough to expose the helium-rich outer layer. Following the first loop to the blue, helium-burning is ignited. During this phase the core shrinks, lowering the core fraction, q, favouring evolution to the red (Maeder 2009, §27.3.2) . However, the star approaches the Humphreys-Davidson limit in the HR diagram during the evolution and the mass loss becomes high enough to, eventually, peel away the envelope, exposing the helium-burning core (q 75 per cent during heliumburning). The star consequently evolves towards the blue (at log T eff 5.0).
Carbon burning
Unlike the surface evolution, the interior evolution of the star is modified significantly by the enhanced carbon burning rates and changes to the central evolution of the star are important in order to assess changes to the main burning regimes. Figure 4 shows Tc − ρc diagrams for the 15, 20 and 25 M models, separated into panels by initial mass. The enhanced rate models in all cases (including the 32 and 60 M models) ignite carbon burning at lower temperatures and densities, which consequently affects the evolution of the central properties of the star. This is seen, for example, in the top and middle panels of Fig. 4 , where the curves for the CI and CU cases deviate away from that of the ST case towards the higher temperature (at a given density) side of the curve (see also column 7. in Table 2 ). The tendency to deviate in this direction is caused by the presence of a convective core. This is verified in the bottom panel for the case of the 25CU model whereby the 'kink' at carbon ignition is larger than that of the 25ST and 25CI models, since the CU model is the only 25 M model to have a convective core (see also Fig. 7 ). Figure 4 shows the impact that the enhanced carbon burning rates have on the central evolution during carbon burning. However, despite the deviations, many of the models at a particular mass are similar, especially the 25 M models. Figure 5 shows Tc − ρc diagrams for the 32 and 60 M , which are also quite similar. In the case of Fig.  5 , the 32 and 60 M models exhibit significant mass loss during the hydrogen-and helium-burning stages such that the total mass during the advanced burning stages is very similar (∼ 13M ). Combined with the fact that the helium cores at this stage are qualitatively similar, the models from this point onwards evolve similarly, with the 32CI and 60CI models entering the more degenerate region of the diagram. Consequently, the tracks follow similar paths dependent on the choice of 12 C + 12 C reaction rate.
Kippenhahn diagrams for all models are presented in Fig. 6 , 7 and 8, with the shaded regions corresponding to convection zones and the intermediate regions corresponding to radiative zones. The total mass is given by the thin black line at the top of each diagram. Overall, Fig. 6, 7 and 8 show that the convection zone structure of the carbonburning stage is heavily modified by the increased rates, particularly for the CU cases where a convective carboncore is present over the entire mass range considered. The presence of a convective carbon-core is important for nucleosynthesis as the convective mixing provides more fuel for carbon-burning and the carbon-core s process. The mass loss increases significantly with initial mass, but does not change much with the 12 C + 12 C rate. Small deviations in the mass loss, which are less than 1 per cent, are due to the increased lifetime of the core carbon burning stage in the CI and CU models (see Table 4 ).
Model data complementary to Figures 6, 7 and 8 are presented in Table 2 , which specify properties pertaining to convection zones during carbon burning. Column 2. ('Core/Shell') identifies the presence, or not, of a convective core or shell and labels the shells in chronological order during the evolution. The other columns specify the lifetime of the convection zone 4 (τC) in years, the lower and upper limits in mass coordinate of the convection zone (M low and Mupp respectively, in M ), the size of the convection zone in mass (∆M , in M ) and the temperature (T , in GK), density (ρ, in g cm −3 ) and the mass fraction abundances of 12 C and 16 O (X12 C and X16 O respectively) at the onset of convection at position M low . 9.8
Figure 5. Tc − ρc diagram for all 32 and 60 M models. The straight line indicates the location in the diagram where the ideal gas pressure is equal to the electron degeneracy pressure; Pgas = P e,deg . The ST models indicate an upper mass limit for the presence of a convective carbon core with a value between 20 and 25 M , which is consistent with previous models (Heger et al. 2000; Hirschi et al. 2004) . For model 25CI a strong convective shell is ignited slightly off-centre (at a mass coordinate of 0.436M ) and model 25CU exhibits a large convective carbon core. In all CU models the carboncore burning stage is convective, which, in models 25CU, 32CU and 60CU, replaces the radiative cores. In Model 25CI the first carbon shell ignites close to the centre and models 20CI and 15CI have larger convective cores. Considering these facts and the presence of a convective core in every CU model, one can hypothesise that the limiting mass for the presence of a convective carbon core increases with the carbon burning rate, which will consequently represent a source of uncertainty for the presence of a convective core near to the limiting mass of ∼ 22M . A firm verification of the limiting mass for the CI case would however require a finer grid of stellar models between 20 and 25 M .
The sizes, in mass, of the carbon-burning zones (column 6 in Table 2 ) are generally larger in CI and CU models. This affects the 12 C abundance profile within the star and consequently the number of carbon-burning shells during the evolution. The Kippenhahn diagrams for the 15 and 20 M models (Fig. 6 ) demonstrate this effect well; the 15ST and 20ST models have many carbon burning shells where the ignition of a successive shell lies at a position that corresponds to the maximum coordinate reached by the previous convection zone.
As the rate is increased, the tendency for convective shells to 'overlap' (where the lower bound in mass of the convective region extends below the upper bound of the previous convection zone) is increased. All CU models, except the 15CU model, show this overlap, which occurs between a convective carbon core and the first convective carbon shell. The amount of overlap between the carbon core and the first carbon shell, and the first and second carbon shells, in the 20CI model (in Fig. 6 ) is also much larger than that in the 20ST model. This overlap effect occurs because successive carbon-shell burning episodes, caused by ignition of residual 12 C fuel left over from previous burning stages, can occur at a lower temperature and density or with a lower abundance of 12 C fuel (see column 9 of Table 2 ). This effect has been noted previously by Chieffi et al. (1998) and in the preliminary studies (Bennett et al. 2010a,b) . The total energy generation of the 12 C + 12 C reaction is given by :
where Y 2 ( 12 C), is the number abundance of 12 C (Y = X/A), ρ is the density and λ12,12 is the nuclear reaction rate, which is dependent on temperature. For a given density and abundance, an increased 12 C + 12 C rate increases the energy generation rate from nuclear reactions. The effect this has on the ignition conditions (temperature and density) for core carbon burning are displayed in Fig. 9 and 10 (the ignition point is defined as the point in time when the central mass fraction abundance of 12 C is 0.3 per cent lower than its maximum value). An increased rate allows a star to reach the required energy output to support the star against gravitational contraction at a lower temperature (and also lower density). Note also the dependence on initial mass, with ignition conditions favouring higher temperatures and lower densities with increasing initial mass. In the case of lower ignition temperatures and densities, the convective core ignites more promptly in the CI and CU models. Changes to the ignition conditions and the 12 C abundance at the start of core carbon burning are responsible for the increased likelihood of having overlapping convection zones.
The lifetime of convection zones is generally longer in the CI and CU models. This could be perceived as counterintuitive, since with an enhanced rate one would expect that the 12 C fuel would be expended more rapidly. However, the burning takes place in lower temperature and density con- Table 2 . Stellar structure properties for carbon-burning cores and shells at the onset of convection. Shells are labelled in chronological order. τconv is the lifetime of the convection zone, M low and Mupp are lower and upper mass coordinates for the location of the zone. ∆M is the size of the zone in mass, T and ρ are the temperature and density of the zone at M low and X12 C and X16 O are the 12 C and 16 O mass fraction abundances within the convection zone.
Model
Core ditions, which affect the neutrino losses. Table 3 shows the energy generation terms for nuclear reactions ( nuc) and neutrino losses ( ν ) at the centre of the star when the mass fraction of 12 C is half the amount available just prior to carbon-core burning. The proportion of neutrinos formed by various neutrino processes are also specified in Table 3 , which are given as fractions, f , of the total neutrino losses (in per cent). These processes are pair production (fpair), photoneutrino interactions (f phot ) and the rest (frest), which are bremsstrahlung, recombination and plasmon decay processes (Itoh et al. 1996) . Neutrino formation through these last three processes is negligibly small at carbon burning temperatures.
As shown by Table 3, the energy generation rate from nuclear reactions and the neutrino losses are reduced in the CI and CU models, although an increase in energy generation rate is seen in models 25CU, 32CU and 60CU from their CI counterparts. This increase is due to the presence of the convective carbon core, where there is an increased availability of 12 C fuel from mixing. During carbon burning, the timescale for burning is governed primarily by the neutrino losses (as is true for all advanced burning stages) and these losses generally increase monotonically with increasing temperature. In fact, massive star evolution during the advanced stages of evolution can be described as a neutrinomediated Kelvin-Helmholtz contraction of a carbon-oxygen core El Eid et al. 2009 ). Therefore, a reduction in the neutrino-losses has the consequence of increasing the lifetime of carbon-burning stages. Only the carbon shells in models 32CU and 60CU do not show this behaviour (see Fig. 7 and 8 ). This can be explained by the presence of a previous convective carbon core in those models, which reduces the abundance of carbon fuel available for burning in these shells. Systematic trends during shell burning are less clear because of the rather complicated evolution of the shell structure, but convective shells often form at lower temperatures in CI and CU models (see column 7 in Table 2 ), similar to the situation in the core. For carbon core burning, on the other hand, there is a clear increase in the lifetime with increasing rate, which is shown in Fig. 11 .
The main neutrino processes during carbon burning are those caused by pair production and photoneutrino interactions Itoh et al. 1996) . It is worth noting that the decrease in temperature in the CI and CU models is responsible for a larger proportion of neutrinos formed by the photoneutrino process rather than pair production. This trend at larger carbon-burning rates is opposite to the trend with initial mass, which favours higher temperatures and production of neutrinos by pair production with increasing initial mass. Table 3 . Energy generation and neutrino parameters during core carbon burning. For each model the central values of temperature, T , density, ρ, energy generation rates for nuclear burning, nuc, and neutrino losses, ν , and percentage fractions of the total neutrinos formed by pair production (f pair ), photoneutrino interactions (f phot ) and other processes (frest) are specified. These parameters are determined at the time when the mass fraction of 12 C is half of the value just prior to carbon burning. Figure 11 . Carbon core burning lifetimes for all models. Note that for some models, the core carbon burning is radiative rather than convective. The carbon burning lifetime is defined as the time for the mass fraction abundance of 12 C to reduce from 0.3 per cent of its maximum value to a value of 10 −3 .
These effects on the central evolution are responsible for the different tracks exhibited by the CI and CU models with respect to the ST models in Figures 4 and 5 . For the 15 and 20M models the larger cores cause the CI and CU tracks to tend towards the higher temperature, lower density side of the ST track, but only for the duration the convective core is present. When the star moves onto carbon shell burning, the core cools and the track returns to the standard curve.
As explained above, the overlap exhibited by convective shells over the ashes of convective carbon cores is due to the ignition of carbon that represents the unburnt remainder from carbon-core burning. The presence of this remainder is caused by the gradual shrinking of the carbon-core near the end of the burning stage. This occurs in model 20CI
and all CU models, except model 15CU where the shell is located at the top of the previous convective carbon core. The convective carbon shell in the 20CU model (see Fig.  6 ), however, shows an interesting structure. In this case a carbon shell is ignited at a position that overlaps with the core and then shortly after an additional shell is ignited at the point corresponding to the top of the previous core. Because of the unusual structure, the lifetime given in Table  2 for the 20CU model, shell 1, is defined from the onset of convection to the time it shrinks back up into the second shell.
The presence of overlap with a carbon core has a significant impact on the composition of the shell at the onset of convection. Indeed, carbon-core burning ashes, including s-process nuclides, will mix out to a position above the remnant mass and be present in the supernova ejecta. As mentioned above, overlapping shells have previously been noted in the literature, but the consequences of overlapping shells of this nature are not well studied. The nucleosynthetic consequences of overlap will be discussed in §4.
Advanced stages beyond carbon burning
Despite the changes to the stellar structure during carbon burning, the evolution of the advanced burning stages in the core following carbon-burning seems only slightly affected in terms of the convection zone structure, as seen in Fig. 6, 7 and 8, but exhibit burning stages with different lifetimes. The burning lifetimes for the hydrostatic burning stages are presented in Table 4 , which are defined for each stage as the difference in age from the point where the principal fuel for that stage ( 1 H for hydrogen burning, 4 He for helium burning, etc.) is depleted by 0.3 per cent from its maximum value to the age where the mass fraction of that fuel depletes below a value of 10 −5 , except for carbon burning and neon burning, where this value is 10 −3 , and oxygen burning, where this value is 10 −2 . These criteria are necessary to ensure a lifetime is calculated in those cases where resid-ual fuel is unburnt (such as during oxygen burning in the 15CU model, where the 16 O mass fraction abundance that remains unburnt following the end of core oxygen burning is ∼ 3.177 × 10 −3 ) and to ensure that the burning stages are correctly separated. The lifetime of the advanced stages is relatively sensitive to the mass fractions of isotopes defining the lifetime.
Carbon burning lifetimes are longer for the CI and CU rates, as explained in §3.2, but lifetimes for the other advanced stages do not show a general trend with the carbon burning rate. This lack of trend also applies to the central properties, as seen in Fig. 4 , where the tracks are modified by the enhanced rate models but the modifications do not follow a general pattern. In fact, there are examples of Tc − ρc tracks, e.g. the 25CI and 25CU models in Fig. 4 , where following the deviation caused by carbon ignition the track returns to that of the ST rate (especially for the 15, 20 and 25 M models). The main property determining the variations in the lifetime is the central temperature, which is linked with the neutrino loss rates.
The last column of Table 4 shows that the total lifetime of the star increases slightly with an enhanced carbon burning rate, because of the longer carbon burning lifetime. Since the total lifetime increases by ≈ 1 − 5 × 10 4 years, the strong mass loss (characteristic of massive stars), which can increase by up to ∼ 10 −5 M yr −1 , increases the mass lost by up to 0.5M . This is demonstrated in column 2 of Table 5 , which shows the core masses at the end of oxygen burning for all models. In column 3 of Table 5 , we see that the carbon burning rate does not affect the helium core mass (the helium core mass is defined as the mass coordinate where the mass fraction abundance of 4 He is 0.75 at the interface between the hydrogen and helium-rich layers). There is only a tiny difference for the 25 M case because of the small structure re-arrangement of the hydrogen burning shell. In column 4, we see that with an increasing carbon burning rate, the CO core mass is larger (the CO core mass is defined as the mass coordinate where the 4 He mass fraction abundance is 10 −3 ). The reason is the following. With an increased rate, carbon burning occurs at lower temperatures where the energy production dominates over neutrino cooling and this leads to a stronger carbon core burning in a larger convective zone. Thus the carbon burning core produces more energy and this leads to a less energetic heliumburning shell that is radiative rather than convective, which is the case for the ST models. When the He-shell is radiative the burning front depletes completely the helium available at one mass coordinate and then moves upwards leading to a more massive CO core whereas with a convective He-shell, the bottom of the shell stays at the same mass coordinate since the helium in the convective shell is never completely exhausted due to mixing. Note also that the 32 and 60 M models do not exhibit a value for M 75% α . This is because the mass loss is strong enough in these WR stars to expel the majority of their helium-rich envelopes and the 4 He abundance is not high enough to satisfy the criterion for M 75% α . In these cases, the helium core mass is taken as the final mass, M Final (see column 2 of Table 5 ).
As mentioned above, the size of the convective cores during neon, oxygen and silicon burnings is only slightly affected by the changes in carbon burning rate, as can be seen in the last column of Table 5 for the oxygen-free core, M O−free , calculated at the end of core oxygen burning. The changes in M O−free with carbon burning rate are because of changes in the position of the lower boundary of the last convective carbon shell. Generally, the magnitude of the changes in M O−free are small and do not present a clear pattern.
NUCLEOSYNTHESIS
Neutron sources
The main effects on the nucleosynthesis in the stellar models are due to the lower central temperature of the star and the increased lifetime. In particular, the lower central temperature will affect the efficiency of neutron source reactions. We recall that the main neutron sources for the s process are 13 C, which is important during carbon core burning, and 22 Ne, which is important during helium core burning and carbon shell burning. The 13 C neutron source is mainly produced during carbon core burning by the 12 C(p,γ) 13 N(β + ) 13 C reaction chain. Neutrons are then produced by 13 C(α,n) 16 O reactions. The protons and α-particles originate directly from the 12 C + 12 C fusion reactions. There is competition between the 13 N(β + ) 13 C and 13 N(γ,p) 12 C, where at temperatures above 0.8 GK, the (γ,p) reaction dominates over the β-decay. The 13 C neutron source is thus an efficient neutron producer only at lower temperatures. During carbon shell burning, where the temperatures are higher, the 22 Ne source is the dominant neutron source. One can therefore expect that as the carbon burning rate is increased and the interior temperature is lowered, the efficiency of the 13 C neutron source will increase. This efficiency will also be higher given the increased lifetimes.
A 
S-process parameters
Several indicators for the neutron capture nucleosynthesis are considered. The s process is typically characterised by the neutron density, nn, the neutron captures per iron seed, nc, and the neutron exposure, τn. nc is defined as follows:
where X 0 i is the initial mass fraction abundance of isotope Xi with atomic mass Ai and X56 Fe is the intial mass fraction abundance of 56 Fe, which is the dominant seed isotope for s-process nucleosynthesis. τn is defined as τn = vT nndt (Clayton 1968) . However, these definitions are of limited use in the multi-zone calculations used here. The reason for this is that in the multi-zone stellar models, convective mixing affects the neutron irradiance experienced by a given mass element ). Stellar matter, including the neutron sources, seeds and poisons, is mixed into and out of the bottom of the convection zone, where the temperature is highest and where the majority of the s process occurs. Consequently, an evaluation of nc or τn at a particular mass coordinate will be different to that experienced by a given mass element. Therefore, in order to evaluate relevant parameters to describe the neutron irradiance, convective mixing needs to be taken into account in the evaluation of the parameter. This can be achieved for the neutron exposure by considering the initial and final abundances of 54 Fe, an isotope that is slowly destroyed by neutron captures in the s-process sites considered here. It cannot be used during or after oxygen burning where temperatures are high enough to photodisintegrate heavy elements (Woosley & Weaver 1995 ). An estimate of the neutron exposure using 54 Fe can be made using the following formula (Woosley & Weaver 1995; The et al. 2000) ,
where σ is the 54 Fe(n,γ) 55 Fe reaction rate (σ = 29.6 ± 1.3 mb, Dillmann et al. 2006) and Xi( 54 Fe) and X f ( 54 Fe) are the mass fraction abundances of 54 Fe before and after the neutron exposure respectively. A better estimate of nc can be obtained by using mass-averaged abundances for Xi, X 0 i and X56 Fe over the maximum size of the convective region,
This takes into account any changes to the size of the convective region during the burning stage where the s-process nucleosynthesis occurs. Kr respectively). Indeed, if the neutron density increases, the s-process path opens to allow the production of more neutron-rich isotopes, lowering these ratios.
Core carbon burning
According to Table 6 , all CI and CU models show a depletion of 54 Fe and production of 88 Sr relative to the ST case, indicating that a higher neutron exposure is present in the convective carbon core. For all CI and CU models, irrespective of mass, the neutron exposure is high enough to allow an increasing production of isotopes beyond the Table 6 . S-process tracers, neutron capture parameters and isotopic ratios at the end of helium-core burning, carbon-core burning and convective carbon-shell burning. nc,av is the neutron captures per iron seed averaged over the convective region and τ 54 is the neutron exposure calculated using Eq. 4.2. The 88 Sr and 54 Fe abundances are specified as average mass fraction abundances, X88 Sr and X54 Fe respectively, at the end of the burning stage over the convective region, except for radiative burning where the central values are taken. The s-process parameters for a shell that persists to the presupernova stage use final abundances that are evaluated at start of oxygen burning, which removes the effects of photodisintegration occurring during the late evolutionary stages from the evaluation of the s-process parameters. Sr-Y-Zr peak, which is quantified in a higher neutron captures per iron seed. An example of this nucleosynthesis for the 15M model is seen in Fig. 12 , which shows the central overproduction factors for heavy, stable isotopes in the star at the end of carbon burning. The distribution of synthesised isotopes is extended, with increasing rate, beyond the Sr-Y-Zr peak to include isotopes up to the Ba-La peak at A ≈ 140. This is an anomalous distribution compared to the weak s-process component.
Model
The neutron density in the carbon core decreases from a typical value of ∼ 10 8 cm −3 , which is maintained throughout the burning, to ∼ 10 7 cm −3 in the models with an increasing carbon burning rate. In the 25CU, 32CU and 60CU models the neutron density is enhanced over the CI cases because of the presence of the convective core; the mixing into and out of the centre acts to maintain a supply of neutron sources at the centre. Concerning the ST case, the neutron exposures for the cores are similar in magnitude to that of the helium burning core (∼ 0.06 mb −1 ), but are lower for the most massive stars considered here (∼ 0.02 mb −1 for the 32ST and 60ST models). For the CI and CU rates the neutron exposures are significantly enhanced, typically exceeding 0.1 mb −1 . This is mainly due to the rising efficiency of the 13 C neutron source at lower temperatures, coupled with the increased lifetime of the core carbon burning stage. 
Carbon shell burning
Nucleosynthesis in the carbon shells is characterised by the s process with a high neutron density but lower neutron exposure compared to carbon core, with 22 Ne being the dominant neutron source. In the ST models, the neutron densities vary from ∼ 10 8 cm −3 for early convective shells (models 15ST and 20ST), and increase to a typical value of ∼ 10 10 cm −3 in the final carbon burning shell. In the CI and CU models, the neutron density is ∼ 10 7 cm −3 in early shells, similar to the values obtained during core carbon burning, and then rises to ∼ 10 8−9 cm −3 . The lifetimes for the carbon shell burning stages vary quite differently from model to model, but are generally increasing with increasing rate. For example, in the 15CU case, the lifetimes of the last carbon shell in Table 2 for the 15ST, CI and CU models are 17.92, 150.1 and 594.2 years respectively. The carbon shell in model 15CU consequently exhibits a strong neutron exposure of similar magnitude to the carbon core (see Table 6 ). It should be noted however that in almost every instance of a carbon burning shell, the neutron exposure is smaller than that of the carbon core in the same model. This asserts the fact that carbon shells are characterised by a lower neutron exposure and higher neutron density (with 22 Ne as the main neutron source), although the degree with which this is true is reduced with an increasing carbon burning rate. That is, the general trend with increasing rate is a decrease in the neutron density and an increase in the neutron exposure in the carbon shells.
The above can be verified by considering the ratios of isotopes involved at branching points, since the lower neutron density will close the s-process path to the synthesis of more neutron-rich isotopes at branching points. The last three columns of Table 6 show the isobaric ratios at the end of the core and shell carbon burning stages for 70 Ge/ 70 Zn, 80 Kr/ 80 Se and 86 Sr/ 86 Kr, with values for the end of helium core burning specified for reference. For most models, the ratios increase in the last carbon shell with increasing carbon burning rate, favouring production of the s-only isotopes 70 Ge, 80 Kr and 86 Sr, due to the lower neutron density in the carbon-shells in the CI and CU models. However, the ratios are sensitive to convection, since shell overlap causes the shells to be polluted with carbon core s-process ashes. Consequently, the 25CU, 32CU and 60CU models instead show a decrease in the ratios. Considering that the ratios in the initial composition are 3.271, 6.124 and 0.036 for 70 Ge/ 70 Zn, 80 Kr/ 80 Se and 86 Sr/ 86 Kr, the presence of lower isobaric ratios than these in the shells indicates that the branching is indeed affected during the carbon shell s-process and that the decrease is not associated purely with the mixing of carbon core matter with helium burning ashes.
YIELDS
Calculations
The yields calculations were made in the same manner as that of Hirschi et al. (2005) , which considers two contributions to the yields: the stellar wind and the supernova explosion. The wind yield for nuclide i for a star with initial mass m is calculated using:
where τ (m) is the final age of the star,Ṁ (m, t) is the mass loss rate, X S i is the surface mass-fraction abundance, X 0 i is the initial mass-fraction abundance. The majority of the matter lost through the stellar wind occurs during hydrogen and helium burning. The composition of the wind is similar to that of the initial composition, except for the 32M and 60M models where the mass loss is significant enough to include some of the hydrogen burning ashes. Table 5 shows that the total mass lost over the stellar evolution due to the stellar wind increases significantly with initial mass (≈ 20 per cent lost for the 15 M models to ≈ 80 per cent lost for the 60 M models). The presupernova yields are calculated using:
where mτ is the total mass of the star at τ (m), Mrem,m is the remnant mass, X 0 i is the initial mass fraction abundance of element i and Xi(mr) is the mass fraction abundance at mass coordinate mr. The total yields are then just the sum of the wind and the presupernova yields. The calculated yields of selected isotopes for model 15ST are shown in Table 7 (full yield tables for all models are provided with the electronic edition of this paper).
The point in the evolution in which the yields are taken in this work is at the end of central oxygen burning, as explained in §2.2. This choice was made since not all the models were post-processed until the end of silicon burning. Notice that, as mentioned in §2.2, after central oxygen burning, the material outside the remnant mass is not affected much by the pre-explosive evolution. The only potential contributions that may affect the s-process abundances are during the early collapse, when the neutron density may increase significantly (e.g. in the carbon shell, see Pignatari et al. 2010) or partial or complete photodisintegration at the bottom of the carbon, neon and oxygen shells. The effects of photodisintegration will be discussed in a forthcoming paper (Pignatari et al. 2011, in prep.) .
With regards to explosive burning, the supernova explosion is responsible for destroying and recreating a portion of the ejecta, which includes p-process rich and, to a smaller extent, s-process rich layers, possibly having a relevant impact on the total yields of s-process nuclides (see for instance Rauscher et al. 2002; Tur et al. 2009 ). However, the explosive burning process is sensitive to uncertainties in the supernova explosion mechanism for the range of initial masses considered here (Fryer 2009 ). The uncertainties associated with the supernova explosion, namely the explosion energy, the ignition mechanism and the amount of fall-back, are important especially for the 15, 20 and 25 M models. These uncertainties would also affect the amount of matter locked up in the remnants. In this work, the remnant mass takes into account the additional matter that falls back onto the remnant following the initial explosion. The choice of remnant masses for the models is taken from the analytical fits of For the 60 M models a remnant mass was calculated by scaling with the CO core mass ratio for the ST models,
giving a remnant mass of 10.24 M . The resultant remnant masses are such that for the 15 M models, the oxygen shell is partially included in the supernova ejecta. For the other models however, the remnants are large and the ejecta includes the upper portion of the carbon shell and the overlying layers only. The remnant masses here are larger in comparison with those used in previous studies of explosive nucleosynthesis (Limongi et al. 2000; Rauscher et al. 2002) . This is due to the use, in those studies, of piston-driven models that are known to underestimate the amount of fall-back onto the supernova remnant (Young & Fryer 2007) . The large remnant masses may cause the explosive nucleosynthesis to occur predominantly in the layers that fall back onto the remnant. In addition to the yields, the ejected masses, Eim can be calculated, which are the exact analogues of Eq. 5.1 and 5.2, but without the inclusion of the X 0 i term. If the total mass of matter ejected is Mej,m = mτ − Mrem,m, the overproduction factors averaged over the ejecta are calculated using
The overproduction factors averaged over the ejecta for the s-only isotopes are shown in Fig. 13 , which represents well the general abundance distribution for stable isotopes created by the models. A considerable amount of s-process nucleosynthesis occurs for all CU models by up to 3 dex, which is either because of overlap between the carbon shells and the carbon core (for models 20CI, 25CU, 32CU and 60CU) or because of strong neutron exposures in the carbon shells (models 15CU and 20CU). The 20CI model features a strong overlap between the convective carbon core and the successive carbon shells, which is not seen in model 20CU and therefore has more significant production than model 20CU. In fact, for the CI rate, only the 20 M model shows a significantly enhanced production over the ST rate. The 15CI model also shows some production, but the distribution of isotopes is very similar to that of model 15ST. This is in contrast to the 20CI model, which shows an extended distribution of production featuring heavier nuclides.
A first order approximation of the weak s-process component can be made by taking the sum of the yields for each stellar model, taking into account the number of stars with that initial mass formed,
6) Table 7 . Yields for model 15ST. For each isotope, i, the atomic mass (A), atomic number (Z), initial mass fraction abundance (X 0 i ), wind yield (mp wind , in M ), presupernova yield (mp preSN , in M ), total yield (mp total , in M ), total ejected mass (E im , in M ) and average overproduction factor ( OP ) are specified. The decays of unstable species to their stable isobars are taken into account. where rm is a weighting factor determined by the integration of the Salpeter initial mass function (IMF), dN/dm = ξ0m −2.35 , over a certain range. Yields from the 15, 20, 25, 32 and 60 M models were applied to stars within the initial mass ranges of 12. 5-17.5, 17.5-22.5, 22.5-28.5, 28.5-46 and 46-80 M respectively, giving values of rm equal to 39.75, 19.89, 13.45, 14.59, 12.32 per cent respectively (with ξ0 = 0.304). Consequently, the 15 and 20 M models dominate as the main contributors to the evaluation of the weak component (≈ 60 per cent of all stars in the total massive star mass range considered here). Stars with initial masses less than 12.5 M or greater than 80 M are assumed to have a zero contibution to the weak s-process component.
The 13 C neutron source during carbon core burning is mainly primary whereas the 22 Ne source is secondary 5 , since it depends on the initial 14 N abundance from the CNO cycle. If a solar metallicity star of a given mass is the dominant site for the production of particular primary and secondary nuclides, A and B, respectively, the overproduction factor for B is expected to be approximately twice that of A (Truran & Cameron 1971) . Although this is a rather crude approximation regarding the detailed nature of chemical evolution within galaxies and/or star clusters and the nucleosynthesis processes themselves (Tinsley 1979 ), the weak s process in massive stars is expected to hold reasonably to this approximation because the dominant neutron sources, seeds and poisons of the weak s-process are secondary. It can be expected therefore that the overproduction factors for the weak s-process nuclides reproduce the solar system abundances when the overproduction factor is approximately twice that of 16 O (Tur et al. 2009 ). In any case, this rule of thumb can be used as a rough guide to indicate the typical solar production of s-process nuclides (Rauscher et al. 2002; Pignatari et al. 2010 ).
The overproduction factors of the weak component, y weak,i /X 0 i , for nuclides with atomic masses 50 < A < 150, are displayed in Fig. 14. Concerning the CU rate, the overproduction factors are very large (up to 2.56 dex for 86 Sr) with respect to the ST model, with significant s-process production of nuclides up to the Ba-La peak at A ≈ 140. The resulting s-process distribution, peaked at the Sr-Y-Zr, is not characteristic of the weak s-process component, stopping at A ≈ 90. The s-process nuclides with 90 < A < 110 have overproduction factors that are comparable to 16 O multiplied by two. Such differences for the CU case compared to the classical weak s-process component occur because of the 13 C neutron source.
For the CI case, the overabundances of many nuclides are similar to the ST case, except for nuclides that are close to the Sr-Y-Zr peak or with higher atomic mass (Mo, Ru, Cd, and Pd for example). S-process isotopes of Kr and Sr have overproduction factors that are higher than 16 O multiplied by two. The abundances of the heavier nuclides Y, Zr, Mo, Ru, Cd and Pd show an enhanced production, which is 0.5 to 1.0 dex lower than the Kr-Sr peak. Overall, the re-sulting s-process distribution is approximately flat from Ni to Sr. Fig. 15 shows the overproduction factors for the weak components of the CI and CU cases plotted relative to the ST case. The peak of the relative production of s-process nuclides lies at 87 Sr in both cases and declines smoothly with increasing mass number, although the overproduction factor for 86 Sr is slightly larger than the 87 Sr for all cases (see Fig. 14) . For the CU case, the overabundance of 87 Sr is 1.7 dex larger than for the ST case. The enhancement stops at Ba, with 0.5 dex more production and declines steeply, with a production of heavier nuclides similar to that of the ST case. For the CI case however, the peak production at 87 Sr is 0.6 dex larger than the ST case and tends to 0.0 at Ba.
The overproduction factors of Sr, Y, Zr, Mo, Ru, Pd and Cd are enhanced in the carbon-core s-process (for example, see Fig. 12 ). In the CU case, this occurs for all models other than model 15CU. In the CI case, the overlap between the convective carbon core and the carbon shell only occurs for model 20CI. Removing the 20 M models from the evaluation of the weak component allows for a comparison between the predicted weak component with and without the occurrence of an overlap. Fig. 16 shows the predicted weak component (CI -no20) using the 15, 25, 32 and 60 M models using initial mass ranges of 12. 5-20.0, 20.0-28.5, 28.5-46 and 46-80 
DISCUSSION
The results in the previous section show that with an increased carbon burning rate, the contribution of the neutron-capture processes during hydrostatic burning stages to the yields of massive stars is modified significantly. The CU case exhibits a strong production of isotopes between the iron-group nuclides and the Ba-peak nuclides with regards to current massive star models (see Fig. 14) . This production originates from the s-process production in a convective carbon core in which mixing has caused the ashes of carbon burning to be transported out from the centre of the star where it will be present in the supernova ejecta. This overlap was found in all but one of the CU models (15CU). Fig. 14 shows that the yields of the CU case are inconsistent with the weak s-process contribution to the solar system abundances (see for example the anomolously high abundance of Sr-Y-Zr peak and Ba-La peak nuclides compared to those with 60 < A < 90). Therefore, a strong resonance with (ωγ) 6.8 × 10 −5 eV at a centre-of-mass energy Ecom = 1.5 MeV in the 12 C + 12 C reaction rate is unlikely to be present in the reaction rate, according to the models used in the present analysis.
For the CI case, an extended distribution is found but the overproduction factors are not as high as the CU case (see Fig. 15 ). The main nucleosynthesis differences occur at the Sr-Y-Zr peak and beyond, which is a signature dominated by the presence of overlap of a carbon shell with the convective carbon core. The large overproduction of Kr and Sr could suggest that the CI carbon burning rate is too high. In any case, it is unlikely that a solar metallicity model should demonstrate a strong overlap between the convective carbon core and the carbon-shell of the kind experienced in model 20CI. However, considering the present uncertainties in the stellar models such as the reaction rates (for example, the critical reactions 12 C(α, γ) 16 O and 22 Ne(α,n) 25 Mg), the initial composition and the treatment of convective-radiative boundaries, the abundance of Sr is not a significant enough constraint to assert that the CI rate would be inconsistent with the solar system abundance distribution.
The production of Sr, Y, Zr and other heavier nuclides has been studied extensively as galactic chemical evolution models and observations have suggested the existence of an additional primary nucleosynthesis process, the lighter element primary process (LEPP) (Travaglio et al. 2004; Montes et al. 2007 ). The carbon core s-process and the mixing of heavy nuclei out from the centre could provide an alternative nucleosynthesis scenario for the LEPP. It is tempting to underline the similarity between the LEPP signature and the anomalous carbon burning s-process component present in the CU models and partly in the CI models. However, we recall that the LEPP process should be primary if the solar LEPP and (low metallicity) stellar LEPP are indeed the same process (see for example Montes et al. 2007 ). Although the carbon-core s-process features a primary neutron source, 13 C, the seed nuclei, 56 Fe, are secondary. Consequently, an s-process component using iron seeds in these conditions cannot reproduce the stellar LEPP abundances at low metallicity. Therefore, the carbon core s-process component is unlikely to represent the site for the stellar LEPP component at low metallicity. In addition, when the number of seeds is lowered, the neutron captures per iron seed increases (see Eq. 4.1) and the distribution of s-process nuclides extends to higher atomic mass. However, if the solar and stellar LEPPs differ in origin, the carbon core s-process may provide a solution to the solar LEPP.
SUMMARY AND CONCLUSIONS
In order to investigate the sensitivity of massive star evolution to the potentially large uncertainties in the carbon burning rate, fifteen stellar models with five initial masses of 15, 20, 25, 32 and 60M and three different carbon burning rates were generated with GENEC and post-processed with the parallel post-processing code MPPNP. The yields for each model were then calculated and the consequences of the different rates on stellar evolution and nucleosynthesis were examined. The main conclusions are summarized as follows.
An enhanced carbon burning rate directly affects the ignition conditions for carbon burning, which move to lower temperatures and densities. The reduced temperature lowers the neutrino losses, causing the carbon burning stage to occur for a longer lifetime. An increasing dominance of neutrinos formed through photoneutrino interactions is seen, rather than formation by pair-production. The change in temperature and the neutrino losses affect the convection zone structure. In the models using the CI rate, the maximum initial mass for the formation of a convective carbon core increases by a few solar masses from its current value of ≈ 22M . In models using the CU rate, carbon core burning occurs in a convective core in the entire mass range. The increased carbon burning rates generally reduce the number of carbon burning shells (because they have a larger mass extent) and increase the probability of overlap between different convective zones. Although the increased carbon burning rates used in this study strongly affect carbon burning, the impact on further burning stages (neon, oxygen and silicon) is small and does not present any clear trend. Therefore, no constraint can be applied to the 12 C + 12 C rate directly from stellar evolution considerations.
The presence of a significant overlap between the convective carbon core and the convective carbon shell, as seen in most of the CU models and in model 20CI may present a further nucleosynthesis site worthy of investigation. This is especially true considering the present uncertainties in stellar models with regards to convective-radiative boundaries and the abundance distribution exhibited by the carbon core s-process. In particular, the carbon core s-process bares similarities to the solar LEPP. However, because of the secondary nature of the iron seeds, it cannot provide a solution to the stellar LEPP at low metallicity. Further studies into the uncertainties relevant for low metallicity massive stars are required to confirm this statement.
According to the present models, a strongly enhanced rate (the CU rate) due to the presence of a low energy resonance (near to the Gamow peak) causes a large convective carbon core to exist in every stellar model. The large convective core will mix isotopes a considerable distance away from the centre of the star causing the ejecta to be polluted with matter rich in s-process isotopes. The overabundance distribution obtained with the CU rate is too high and has a vastly different shape. The yields are therefore incompatible with the weak s-process contribution to the solar system and the CU rate is therefore ruled out.
A moderately enhanced rate (the CI rate), like the strongly enhanced rate, also affects the interior convection zones and consequently the structure of the star. With the CI rate, an overlap is only present in the 20M case, which enriches the ejecta with products of the carbon core s process. This enrichment predominantly involves nuclides at the Sr-Y-Zr peak and the heavier elements Mo, Ru, Pd and Cd. With this additional nucleosynthesis component, the overproduction factor for Kr and Sr seems to be too high to be consistent with the solar system abundances since it would imply that the majority, if not all, of the solar Kr and Sr comes from massive stars, with only a smaller contribution from AGB stars at the Sr peak. For all the other masses, the changes in nucleosynthesis occur only from changes to carbon-shell burning, which are more subtle and involve isotopes primarily at branching points. If the contribution from the 20 M model is not included (CI-no20), the yields obtained are very similar to the standard yields. Consequently, the CI rate is probably very close to the 'upper limit' for the carbon burning rate to lead to a weak s-process production compatible with the solar system composition.
Given that an overlap between the convective carbon core and shells has such a strong impact on the yields and that 1D stellar models use the mixing length theory, which might not exactly represent the complex 3D nature of convective-radiative interfaces, it will be crucial to study such potential shell overlaps as well as overlap between burning shells of different burning stages (Arnett & Meakin 2011) in 3D hydrodynamic simulations. It should also be acknowledged that the present conclusions are built on the assumption that the ratio of the α− and p-exit channels of the 12 C + 12 C (13:7) reaction is preserved to lower energies. Further studies of this uncertainty, including also an analysis of the p-process in massive stars, will be discussed in a forthcoming paper (Pignatari et al. 2011, in prep.) .
The effects of the carbon burning rate on the stellar evolution and nucleosynthesis of massive stars demonstrates that nuclear physics experiments investigating the 12 C + 12 C continue to remain relevant for the understanding of stars and further nuclear physics experiments, particularly at energies close to the Gamow peak for hydrostatic carbon fusion, are highly desirable in order to improve stellar models.
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APPENDIX A: PARALLEL-PROGRAMMING IMPLEMENTATION
At a particular timestep, the parameters for a 1D spherical shell (or zone) are loaded into memory and a nuclear reaction network is calculated for that zone. This requires the inverse of a square matrix to be calculated, which has dimensions equal to the number of isotopes included in the network. For each timestep there are typically 10 3 zones, dependent on the stellar model and the evolutionary stage of the model, and there are ∼ 10 6 timesteps per model. Therefore, the post-processing of a single stellar model requires ∼ 10 9 nuclear network calculations. With the nuclear reaction network specified in Table 1 reactions, the computational expense involved becomes significant; the typical duration of a single MPPNP run on a uniprocessor is approximately 10 − 12 months with current serial technology. Therefore, the application of parallel programming is an absolute necessity to allow the calculations to complete over a reasonable timescale. The choice of parallelism is a simple master-slave (or Workqueue) strategy where a single, master, processor allocates work to a number of slave processors, which is implemented using the Message Passing Interface (MPI) library routines in Fortran (Gropp et al. 1999) . This is an implementation of parallelism where processors communicate information by passing 'messages' to each other with each processor having access to a local, private memory. The advantage of message passing is the ability to operate on distributed memory resources (such as cluster networks), as well as shared memory resources, and the ability to control explicitly how communications are handled and the parallel behaviour of the program. It is an embarrassingly parallel program 6 , which allows for an efficient parallelisation and reduces dramatically the potential communication overhead. This was achieved by distributing 'work' over mass zones for each timestep, which are calculated independently from each other during the post-processing calculations. Here, a single unit of 'work' is defined as the nuclear reaction network calculation (in flops) for all involved species for a single zone at a particular timestep.
The operation of the parallel program is as follows. First, the nuclear reaction rates and other global parameters are broadcasted to each slave so that each processor has the required data available in local memory. Then a loop over timesteps is entered. For each iteration of the loop a simple first-in first-out (FIFO) scheduler is invoked, which assigns work (in the form of a message containing the temperature, density and abundances) zone-by-zone (from the centre to the surface), first to all assigned processors and then to idle processors as they become available for further work.
Load balancing is important to reduce the impact of idle processors on the performance. In MPPNP a simple load balancing scheme is specified, where the zones are allocated in order from the centre to the surface. This choice is made in lieu with the typical distribution of work over the interior of the star at any particular timestep. The distribution is set by the dynamic network implemented in MPPNP, which adds or removes isotopes from the network calculation depending on the nucleosynthesis flux limits (negligible changes in abundances are ignored to save on unnecessary computation). In general, the dynamic network assigns more isotopes to zones that have higher temperatures (since higher temperatures increase the nuclear reaction rates) and are convective (since the resultant mixing can cause an increase in the abundance of fuel). Therefore the distribution has a maximum in the centre and decreases with mass coordinate towards the surface, affected by the presence of convection zones. However, this is a general case; it is not unusual to have a non-monotonic distribution of work at particular steps throughout the model evolution, especially at the boundaries of convection zones and where neutron sources are efficient.
The parallel burning step is followed by a serial mixing step. The change in mass fraction abundance of species i, Xi, over time, t, is calculated using the diffusion equation
where mr is the mass coordinate (at radius r), ρ is the density and D is the diffusion coefficient calculated from mixing-length theory (MLT). The diffusion coefficient is normally large enough (∼ 10 16 cm 2 s −1 for hydrogen and helium burning) so that all convection zones, over a timestep ∆t, act to smooth out immediately any sharp changes in abundance associated with concentrated nuclear burning. Figure A1 shows the speed-up factor of MPPNP for a small test run (with 250 zones and 2000 timesteps; a typical stellar model uses ≈ 10 3 zones and ∼ 10 6 timesteps) compared to the theoretical laws predicted by Amdahl's and Gustafson's law for a program with a serial fraction of 1 per cent. Amdahl's law,
gives the maximum speed-up, S(p), possible for a program with a fixed amount of work, i.e. the time spent running serial computations is constant. In Eq. A2, ts is the duration of the program with a serial fraction, f , on a uniprocessor and tp is the parallel duration on a system with p processors. The close fit of this law with MPPNP suggests that the parallelisation is close to the ideal case and is not hampered by communication overhead or excessive initialisation. However, it would be preferable to achieve a parallelisation comparable to Gustafson's law,
which is the maximum speed-up possible with a constraint on the parallel time, i.e. the time spent running parallel computations is constant. This could be achieved by including more zones (for example, with the adaptive mesh refinement routine), but the improved scaling would come at the expense of an increased workload. In any case, only 250 zones were used in the test case; as the number of slave processors approaches 250, the total number of jobs allocated to each processor approaches unity. In this regime, the time spent by idle processors is likely to increase significantly and the speed-up factor will plateau. The post-processing calculations for each model, using 60 slave processors, took approximately 5 to 10 days each, depending on the model.
